The cerium oxide nanoparticles (NPs) have been widely used in the fields of fuel additives, cosmetics, commodities, pharmaceuticals and other industries. Exposure of the CeO 2 NPs causes a public concern on their potential health risk. In this study, the interactions between two commercial CeO 2 NPs and human bronchoalveolar carcinoma-derived A549 cells were investigated to provide a fast and in-depth understanding of the biological influences of the NPs. In the culture medium containing 10% fetal bovine serum, both of the D-CeO 2 and PC-CeO 2 NPs had an extremely small solubility (< 0 1 ng/mL) and were aggregated from 20 nm and 8 nm (in a dry state) to ∼ 190 nm and ∼ 60 nm, respectively. Both types of the CeO 2 NPs showed slightly negative surface charge due to the adsorption of serum proteins. They had rather weak cytotoxicity even at the highest concentration of 200 g/mL. Cellular uptake of the CeO 2 NPs increased along with the increase of concentration and incubation time. The internalized CeO 2 NPs were dispersed in vacuoles and cytoplasm. Uptake of the particles resulted in slight change of the cell cycles, i.e., more cells stayed in the G1 phase, and could suppress the production of reactive oxygen species but brought negligible influence on the mitochondrial membrane potential. However, the cytoskeleton organization and the cell adhesion ability were affected to some extent.
INTRODUCTION
During the past decades the engineered metal and metal oxide nanoparticles (NPs) have attracted much attention along with the development of nanotechnology due to their remarkable electronic, magnetic and optical properties.
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The small size and large surface area not only endow the NPs with some specific physicochemical properties that are not shown in the bulk materials, but also induce some unexpected effects on human beings and environment. [3] [4] [5] [6] Therefore, a thorough study of the interactions between the NPs and biological system is highly demanded for the safe use of the NPs in particular in the biomedical field. [7] [8] [9] [10] The cerium oxide NPs are widely used in many different fields such as fuel additive, cosmetic, and technological, commodities, pharmaceutical and industries, and their production is increasing dramatically in recent years. It is * Author to whom correspondence should be addressed. therefore urgently to elucidate the potential health effects since exposure to the CeO 2 NPs is unavoidable. [11] [12] However, toxicity study of the CeO 2 NPs to human health is very limited. Only a few papers have been published and the toxicological results of the CeO 2 NPs are still quite controversial. For example, a number of toxicological studies suggest that exposure to the CeO 2 NPs can lead to enhanced oxidative stress, DNA damage and toxicity by in vitro experiments. [13] [14] [15] [16] [17] [18] Some other studies, however, suggest that the CeO 2 NPs have neuroprotective [19] [20] and cardioprotective 21 effects in biological systems due to their antioxidant properties. [22] [23] Xia et al. 24 examined the cytotoxicity of CeO 2 NPs in RAW 264.7 and BEAS-2B cell lines, and found that the CeO 2 NPs suppress reactive oxygen species (ROS) production and induce cellular resistance to an exogenous source of oxidative stress. Except of these different or even controversy results, so far very little attention has been paid to the cellular uptake, intracellular amount and distribution of the CeO 2 NPs. Although lung is one of the major entry pathways of the NPs, only very a few studies have been conducted by using the lung-related cells. 25 This paper aims to explore the influence of CeO 2 NPs to a human bronchoalveolar carcinoma-derived cell line A549 by an in vitro cell culture method. This type of cell is responsible for the diffusion of some substances such as water and electrolytes across the alveoli of lung, and thereby is widely used as an in vitro model of pulmonary epithelial cells. Special attention shall be paid to the correlations of the physiochemical properties of the two kinds of commercially available CeO 2 NPs and their cytotoxicity, cellular uptake amount and dynamics, intracellular distribution, and cell functions such as mitochondrial membrane potential (MMP), ROS, cell cycle, cytoskeleton organization and cell adhesion ability. The data obtained in this way are beneficial to judge the comprehensive biological effects of the CeO 2 NPs in a cellular level, and thereby to elucidate the potential health risk and the mechanisms.
MATERIALS AND METHODS

Materials
Two kinds of the CeO 2 NPs were supplied by Evonik Degussa (GmbH, Germany) and PlasmaChem (Berlin, Germany) and denoted as D-CeO 2 and PC-CeO 2 , respectively. Sodium dodecyl sulfate (SDS) was purchased from Haotian Co., Ltd. China. BCA kit was purchased from KeyGEN Co., Ltd. China. Triton X-100, 4 ,6-diamidino-2-phenylindole (DAPI), 2 ,7 -dichlorodihydrofluorescein diacetate (DCFH-DA), RNase and propidium iodide (PI) were purchased from Sigma-Aldrich. Rhodamine123, antivinculin primary antibody, secondary FITC-conjugated antibody and rhodamine-conjugated phalloidin were obtained from Invitrogen Co., Ltd. All other chemicals were of analytical grade and used as received. Milli-Q water was used throughout the experiments.
Characterization of CeO 2 NPs
Morphology
The morphology of both kinds of the CeO 2 NPs was observed by a JEM-200 transmission electron microscopy (TEM, JEOL, Japan). A drop of the CeO 2 NPs suspension in water was added onto copper meshwork with carbon membrane, and dried at ambient conditions for TEM observation.
Size and Surface Charge Property
The size and surface charge of the CeO 2 NPs were determined using Beckman Delsa ™ Nano (Beckman Coulter). To study the colloidal stability in different mediums, the CeO 2 NPs were dispersed in phosphate buffered saline (PBS) and Dulbecco's modified eagle medium (DMEM) containing 10% fetal bovine serum (FBS), respectively.
Solubility
The solubility of the CeO 2 NPs under the cell culture condition was determined. After 100 g CeO 2 NPs were dispersed in DMEM/10% FBS at 37 C for different time, they were separated by centrifugation at 12000 rpm for 10 min. The concentration of cerium element in the supernatant was tested by inductively coupled plasma mass spectrometry (ICP-MS, XSENIES, USA) and by referring to a calibration curve constructed with known concentrations of CeCl 4 at the same conditions.
Protein Adsorption
Both types of the CeO 2 NPs were incubated in DMEM/ 10% FBS for different time and then separated by centrifugation. After 3 washes in PBS, the NPs were treated with 5% SDS solution for 1 h to wash off the adsorbed proteins under ultrasonication. The supernatant was collected by centrifugation at 12500 rpm for 15 min. The protein concentration was determined by a BCA assay and by referring to a calibration curve constructed with a series of known concentrations of bovine serum albumin (BSA) standards at the same conditions.
In Vitro Cell Culture
Cell Culture
The human bronchoalveolar carcinoma derived cell line A549 cells were obtained from Cell Bank of Typical Culture Collection of Chinese Academy of Sciences (Shanghai, China) and maintained in regular growth medium consisting of high glucose DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 g/mL streptomycin at 37 C, in a 5% CO 2 humidified incubator. 26 
Cell Viability
The A549 cells were plated at a density of 1 × 10 4 cells per well on a 96-well plate and cultured for 16 h for the cell viability assay. The medium was replaced with fresh one containing the CeO 2 NPs of variable concentrations. To determine the cell viability, after co-incubation with the NPs for determined time intervals, 20 L 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT, 5 mg/mL) was added to each well and the cells were continuously cultured at 37 C for 4 h. The dark blue formazan crystals generated by the mitochondria dehydrogenase in viable cells were dissolved in dimethyl sulphoxide (DMSO), whose absorbance was measured at 570 nm by a microplate reader (Biorad Model 680 parallel experiments were conducted, and the data were normalized to that of the particle-free control.
Cellular Uptake of CeO 2 NPs
The A549 cells were seeded on a 24-well plate at a density of 5 × 10 4 cells per well and allowed to attach for 16 h. To determine the uptake rate and amount of the NPs as a function of particle concentration and incubation time, the cells were incubated with various concentrations of CeO 2 NPs for 24 h and incubated with 50 g/mL of CeO 2 NPs for different time, respectively. Then the cells were washed 3 times with PBS to remove the free CeO 2 NPs, and then detached by trypsin. Half of the cells were used to determine the number of cells by quantification of the protein amount via the BCA assay, and another half of the cells were used to determine the uptake amount of CeO 2 NPs by ICP-MS.
Intracellular Distribution
The intracellular distribution of the CeO 2 NPs was observed by transmission electron microscopy (TEM). The cells were seeded on 6-well plates at a density of 2 × 10 5 cells per well and allowed to attach for 16 h. After the cells were incubated with 50 g/mL of CeO 2 NPs for desired time, they were washed 3 times with PBS, and then detached by trypsin and fixed with 2.5% glutaraldehyde solution in PBS at 4 C for 24 h. After washed with PBS 3 times, the cells were further fixed with 1% osmium tetroxide (Fluka, Seelze, Germany). The samples were then dehydrated in graded concentrations of ethanol, and then washed twice with absolute acetone, finally transferred into Spurr resin. After incubated overnight, the samples were placed in Eppendorf tubes containing embedded medium, and then heated at 70 C for about 9 h. After the samples were ultrathin sectioned with an ultra-microtome (Leica) and contrasted with 0.3% lead citrate, they were observed under a JEM-1230EX TEM (JCOL, Tokyo, Japan) at an accelerating voltage of 80 kV.
Cell Cycle Measurement
The A549 cells were seeded on a 12-well plate at a density of 1 × 10 5 cells per well and cultured for 16 h. After treated with 50 g/mL CeO 2 NPs for determined time, the cells were washed with PBS and detached with trypsin, centrifuged, and finally fixed in 75% ethanol at 4 C for 1 h. 2 PBS washes were performed before the cells were immersed into PBS containing 50 g/mL PI and 0.1% RNase for 1 h. After the cells were filtered to remove cell aggregates, the content of DNA was analyzed by flow cytometry (FCM, BD FACSEALIBUR ™ at an excitation wavelength of 535 nm and CellQuest Pro software. 27 
Measurement of Mitochondrial Membrane Potential MMP
After the A549 cells (5 × 10 4 cells per well on a 24-well culture plate) were incubated with 50 and 100 g/mL CeO 2 NPs for different time, rhodamine123 solution was added with a final concentration of 5 g/mL. The cells were then continuously cultured for another 0.5 h, washed 3 times with PBS, and then observed under a fluorescence microscope (Axovert 200, Carl Zeiss). Subsequently, the cells were trypsinized and resuspended in PBS, and their fluorescence intensity was determined via FCM at an excitation wavelength of 507 nm. For each analysis, at least 10,000 events were analyzed.
Measurement of Intracellular Reactive Oxygen Species ROS
The oxidation-sensitive probe DCFH-DA was employed to determine the generation of ROS. DCFH-DA is an amphiphilic non-fluorescent molecule that readily crosses cell membrane, deacetylated by esterases and then oxidized to highly fluorescent 2 ,7 -dichlorfluorescein (DCF) in the presence of intracellular ROS. 28 In this study, the A549 cells were seeded on 24-well plates at a density of 5 × 10 4 cells per well and allowed to adhere for 16 h, and then were incubated with 50 g/mL CeO 2 NPs for different time or with different concentrations of CeO 2 NPs for 24 h, respectively. At the predetermined time intervals, the cells were incubated with a complete medium containing 10 M of DCFH-DA at 37 C for 30 min in dark. Then the cells were washed with PBS, trypsinized, collected and analyzed by flow cytometry at an excitation wavelength of 488 nm.
Cell Adhesion Assay
The cells were seeded on a 6-well plate at a density of 2 × 10 5 cells per well and cultured for 16 h. After co-cultured with 100 and 200 g/mL CeO 2 NPs for 24 h, the cells were washed with PBS 3 times and detached with trypsin, counted under a hemacytometer, and then plated into a 24-well plate with an equal number per well and allowed to adhere for 8 h. The particle-free cells were used as a control. After the non-adherent cells were washed away with PBS, the adherent cells were counted at 10 different areas under a phase-contrast microscope (IX81, Olympus). The quantification was repeated twice and each sample was assayed in triplicate. Data was averaged and normalized to that of the particle-free control. 29 
Cytoskeleton and Focal Adhesion Assay
The cells were seeded on a 35 mm petri-dish at a density of 5 × the cells were washed with PBS 3 times. To visualize the cytoskeleton and focal adhesion, the cells were fixed in 4% paraformaldehyde/PBS at 37 C for 30 min and then washed with PBS 3 times. After permeated with 0.1% Triton X-100 at 4 C for 5 min, the cells were incubated in 1% BSA/PBS at 37 C for 30 min to block unspecific adsorption. The cells were firstly stained by a mouse monoclonal antibody against human vinculin (Abcam, USA) for 1 h. After washed twice in 1% BSA/PBS, they were further stained with FITC-labeled goat anti-mouse IgG (Beyotime, China), rhodamine phalloidin (Invitrogen) and DAPI (Sigma) for 1 h, followed by 3 washes in PBS. They were finally examined under confocal laser scanning microscopy (CLSM, Leica TCS SP5) to observe the cytoskeletons, focal adhesions and cell nuclei at the excitation wavelengths of 507 nm, 488 nm and 405 nm, respectively.
Statistical Analysis
The data are expressed as mean ± standard deviation (SD).
The statistical significance between groups is determined by one-way analysis of variance (ANOVA) in the Origin software. The Tukey Means Comparison method is performed and the statistical significance is set as p < 0 05.
RESULTS
Characterization of CeO 2 NPs
The CeO 2 NPs supplied by two different companies are generally used as coating additives and polishing materials in industry. In this study they were directly used without further treatment in order to mimic the real application situations. The CeO 2 NPs were firstly characterized in terms of morphology, size, surface charge and solubility. They have a polyhedron morphology and aggregate to some extent with an average diameter about 20 nm (D-CeO 2 NPs) and 8 nm (PC-CeO 2 NPs), respectively (Fig. 1) . The average sizes of the D-CeO 2 NPs and PCCeO 2 NPs were ∼ 669 nm and ∼ 35 nm in PBS according to DLS measurement, respectively (Table I ), implying In the serum-containing culture medium, protein adsorption on the particle surface will inevitably occur. This will significantly change the particle dispersity and surface properties, which in turn influence the particle-cell interactions. 30 As shown in Figure 2 , the serum proteins were obviously adsorbed onto both types of CeO 2 NPs after 4 h incubation in a medium containing 10% serum and slightly increased along with the incubation time. Compared with the D-CeO 2 NPs, the PC-CeO 2 NPs adsorbed significantly higher amount of proteins (more than 180 g/mg NPs), which is basically attributed to their relative smaller size and thereby larger surface area. 30 As a consequence of protein adsorption, the surface zeta potential of both NPs was changed to −12 mV. On one hand, the adsorbed proteins (∼ 40 g/mg NPs) are beneficial to the dispersion of D-CeO 2 NPs, leading to the reduction of particle aggregation. On the other hand, the excessively adsorbed proteins cause the protein-mediated aggregation of PC-CeO 2 NPs to some extent.
Since release of the metal ions from the NPs is one of the major reasons for their toxicity, solubility of the CeO 2 NPs at cell culture condition was studied. Both types of the CeO 2 NPs showed very low solubility with a value smaller than 0.1 ng/mL, suggesting that the possible influence of the cerium ions on the cell functions can be safely ruled out.
Cytotoxicity
Uptake of the non-degradable NPs may bring a series influences on the cell viability and functions. As shown in Figure 3 (a), the cell viability was not significantly altered in the whole experimental period (48 h) regardless of the particle type after being incubated with 10 or 50 g/mL D-CeO 2 NPs. It was maintained above 80% of the particlefree control, although slightly decreased at longer culture time. The cell viability was more obviously affected at higher NPs concentrations. For example, it significantly decreased to about 50∼60% after the cells were incubated with 100 and 200 g/mL NPs for 12 h and 24 h (p < 0 05). However, the cell viability was recovered to some extent (∼ 80%) when the incubation time was prolonged to 48 h. The PC-CeO 2 NPs are more toxic compared with the D-CeO 2 NPs of the same concentrations ( Fig. 3(b) ), especially at 100 and 200 g/mL, at which the cell viability decreased to < 50% and could not be recovered at 200 g/mL NPs after the culture time was prolonged to 48 h. The recovery of the cell viability might be attributed to the alternation of cell cycle and/or intracellular location after 48 h (see below). 
All the results reveal that the CeO 2 NPs have a dosage and time-dependent toxicity to A549 cells. Comparatively, the PC-CeO 2 NPs bring stronger suppression of the cell viability than the D-CeO 2 NPs. Since the release of cerium ions is negligible, the influences of the CeO 2 NPs should mainly depend on the internalized NPs. It has been well known that the cytotoxicity is related to the particle size, 31 and the smaller ones are generally more toxic. Moreover, the cellular uptake amount and cellular localization also have big impacts and thereby need to be clarified to reveal the intrinsic mechanisms of the difference in cytotoxicity. 32 
Cellular Uptake
As shown in Figure 4 (a), at a fixed incubation time of 24 h the two types of the CeO 2 NPs that internalized into or adsorbed onto the cells increased along with the increase of feeding concentration (p < 0 05). This uptake kinetics has been observed very frequently for various NPs. [33] [34] [35] [36] [37] The difference between the two types of CeO 2 NPs are not significant at lower concentrations (10 and 50 g/mL, p > 0 05). At 200 g/mL the PC-CeO 2 NPs were more significantly internalized than the D-CeO 2 NPs (p < 0 05). When the NPs concentration (Fig. 4(b) ) was fixed at 50 g/mL, the cellular uptake amount of both CeO 2 NPs gradually increased along with the co-culture time, and leveled off after 24 h. Comparatively, the PCCeO 2 NPs were internalized with a significantly faster rate and larger amount at each detection time interval (p < 0 05) except at 48 h (p > 0 05). The results are apparently caused by the difference in particle size and surface protein adsorption. Some previous results show that the cells preferably endocytose the particles with a size around 50 nm. 38 Also the cells can recognize the adsorbed plasma proteins on the NPs surface, resulting in difference in cellular uptake pathways, rates and amounts. [39] [40] [41] As shown in Table I and Figure 2 , the PC-CeO 2 NPs adsorb more proteins and possess a smaller size close to 50 nm (in the aggregation state), leading to a faster uptake rate. However, due to the limitation of uptake ability of certain cells, the uptake can be "saturated" after a long enough incubation time such as 48 h, resulting in eventually the similar loading amount.
Intracellular Localization
Besides the cellular uptake amount and kinetics, the intracellular localization of the NPs also plays an important role on cell functions. Usually the cellular distribution of the NPs is conveniently studied by confocal laser scanning microscopy (CLSM) or TEM. Since the two commercial CeO 2 NPs do not emit fluorescence, they can be only monitored by TEM in this study.
As shown in Figure 5 , after being incubated with both types of the CeO 2 NPs for 4 h, some particles were close to the cell surface and some particles were distributed in the cellular vacuoles (Figs. 5(b) , (f), blue arrow headed). They were mostly in an aggregate state inside the endocytotic vacuoles (Figs. 5(b ) , f ) as that in the medium (Table I and Fig. 5(b) ). After 12 h incubation (Figs. 5(c), (g) ), the cells have ingested relatively larger amount of the particles. The vesicles containing the NPs moved towards the cell center. Some particles were released out of endocytotic vacuoles and located in the cytoplasm. After 24 h incubation (Figs. 5(d), (h) ), large aggregates could be observed in the large vacuoles or in the cytoplasm, suggesting the accumulation of the NPs inside the cells. No further change in terms of particle localization and aggregation was found for the cells cultured for 48 h (Figs. 5(e), (i) ). Due to the existence of dark spots (nucleolus) in the cell nucleus, it is not possible to identify the interactions between the NPs and cell nucleus. Nonetheless, according to many previous studies, the CeO 2 NPs in an aggregate state can hardly penetrate the nucleus pores, [42] [43] and thus have little chance to interact with the nucleus directly. Although relative more PC-CeO 2 NPs were found inside the cells (Fig. 4) , no significant difference was found in the intracellular distribution of the two NPs. Uptake of the CeO 2 NPs caused some changes of the cell structure too. The mostly strange phenomenon either not observed or neglected previously is that some undetermined round droplets appeared inside the cytoplasm for the cells incubated with the D-CeO 2 NPs for 12 h (Fig. 5(c) , red arrow headed). These droplets were remained during the rest co-incubation time with the D-CeO 2 NPs (Figs. 5(d) , (e)). They also appeared in the cells coincubated with the PC-CeO 2 NPs for 48 h (Fig. 5(h) ). Hydrophobic dyes such as Oil red could not stain these droplets, suggesting that they are not fat droplets. However, the exact compositions of these droplets and their generation mechanisms are remained unknown.
The TEM images reveal clearly the cellular internalization processes of the particles, including the formation of membrane vesicles, encapsulation of particles in endosomes/lysosomes, and release of the particles into cytoplasm. The interaction of the CeO 2 NPs and important cellular organs such as mitochondria (green circles in Figs 
Cell Functions
The cell cycle is a series of events which can induce cell division and duplication, comprising interphase (gap1, G1), synthesis (S), gap2 (G2) and mitosis (M) phases. Since G2 and M phases cannot be distinguished only by DNA content, they are put together (G2/M) to represent the cell division period. The results in Table II show that more cells stay in G1 phase after incubated with 50 g/mL CeO 2 NPs and this part of cells increased along with the incubation time, revealing that exposure of both types of the CeO 2 NPs can retard cell proliferation in a timedependent manner. However, the variation is within a rather smaller range, and no significant difference is found between the two types of the CeO 2 NPs. The mitochondrion is one of the important cellular organelles which regulates cell metabolism and provides energy, and also involves in signaling, cell differentiation, and cell death. 44 The mitochondrial membrane potential (MMP) is a key indicator of mitochondrial health, which reflects the pumping of hydrogen ions across the inner membrane during the process of electron transport and oxidative phosphorylation, the driving force behind ATP production. 44 45 The possible co-localization or close to the mitochondria by the CeO 2 NPs (green circles in Figs. 5(h), (i) ) may influence the integrity of this important cellular organ, leading to change of the cell functions. To clarify this issue, the cells were stained by rhodamine 123 and the MMP was quantified by FCM and normalized to that of the particlesfree control (set as 1.0). Figure 6(a) shows that all the MMPs of the cells after incubated with 50 g/mL CeO 2 NPs were not significantly influenced (p > 0 05). When the NPs' concentration was increased to 100 g/mL which showed more obvious cytotoxicity, all the MMPs were significantly decreased compared to that of the particle-free control (p < 0 05) (Fig. 6(b) ), suggesting the impairment of mitochondrial health due to the NPs uptake. However, the MMPs were not obviously influenced by prolongation of the incubation time for both CeO 2 
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NPs, except of the D-CeO 2 NPs at 48 h which showed significant suppression of the MMP (p < 0 05). Reactive oxygen species (ROS) are essential intermediates in oxidative metabolism. Excess production of the ROS can damage cells by peroxidizing lipids and disrupting structural proteins, enzymes and nucleic acids. Therefore, a cell permeable oxidation-sensitive probe DCFH-DA was used to determine the ROS. 46 Surprisingly, compared with that of the particle-free control the intracellular ROS level of the cells significantly suppressed after being incubated with 50 g/mL CeO 2 NPs regardless of the incubation time ( Fig. 7(a) , p < 0 05), suggesting the reduced oxidative stress inside cells. In general, the two types of the CeO 2 NPs have a similar impact on the alternation of the intracellular ROS level. One exception is that the cells incubated with the D-CeO 2 NPs for 48 h have higher intracellular ROS level compared with those with the PC-CeO 2 NPs (p < 0 05). The particle concentration within 10-200 g/mL did not bring significant influence on the intracellular ROS level either (Fig. 7(b) , p > 0 05).
Cytoskeleton and Cell Adhesion
Thus focal contact adhesion and cytoskeleton organization modulate the major physical reactions between the cells and extracellular matrix. The focal contact formation after 24 h incubation with the CeO 2 NPs was observed by staining vinculin (associated with focal adhesions) and F-actin (the major membrane-cytoskeletal protein in focal adhesion) (Fig. 8) . The control cells exhibited large focal adhesion plaques and well organized microfilaments in thick bundles to form stress fibers all over the cell except nucleus, suggesting strong adhesion and well organized cytoskeleton. The cells treated with the CeO 2 NPs still showed clear vinculin plaques, with appearance of some larger plaque clusters at the cell peripheries (Fig. 8 , row numbered with 2). The actin filaments (Fig. 8 , row numbered with 1) became less stressed and disrupted, and strongly aggregated at the peripheral area of the cells, suggesting the alternation of cell skeleton. In all the cases these changes are independent on the dosages and types of the CeO 2 NPs. The cell adhesion, which is largely affected by the cytoskeleton, has an important relationship with a variety of cellular functions, such as cell growth, migration, differentiation and tissue organization. In order to study the influence of CeO 2 NPs uptake on the cell adhesion, the cells were exposed to 100 and 200 g/mL CeO 2 NPs for 24 h, detached, and then allowed to adhere for another 8 h, respectively. Figure 9 shows that compared with the particle-free control, the relative percentages of the adhered cells were significantly decreased to 66.7% and 65.3% after the cells were exposed to 100 g/mL D-CeO 2 and PC-CeO 2 NPs, respectively. However, when the NPs' concentration was increased to 200 g/mL, the relative cell adhesion percentages increased to 72.9% and 76.9% for the D-CeO 2 and PC-CeO 2 NPs. It is obvious that the cell adhesion ability is significantly impaired after exposure to the NPs due to the dysfunction of cytoskeleton and the cytotoxicity. The two types of the CeO 2 NPs have a similar effect on the cell adhesion at the same dosage.
DISCUSSION
Recently, the potential adverse effects of the metal oxide NPs on human beings and environment have been one of the major concerns among toxicologists and regulatory authorities. [47] [48] [49] [50] [51] [52] However, there are very limited studies focusing on the toxic effects and mechanisms of the CeO 2 NPs, although they are being widely used as industrial nanomaterials. Their interactions with A549 cells, a model of lung epithelial cells, are not fully addressed yet. The purpose of this study is to follow the cellular uptake process of two commercially available CeO 2 NPs by A549 cells and to evaluate the potential influence on cell functions. Our results show that both types of the CeO 2 NPs can reduce the viability of A549 cells to some extent, especially at higher concentrations due to the dysfunction of mitochondria (Fig. 6(b) ), [53] [54] which might be intrinsically attributed to the larger uptake amount of the NPs too (Fig. 4) . It is understandable that uptake of more particles by the cells will result in larger influence on their functions such as the viability. However, this is not always the case for the D-CeO 2 NPs in particular after culture for a longer period of time ( Fig. 3(a) (Fig. 4(b) ). It is not often observed that the cell viability is largely recovered from 50∼60% (12-24 h) to ∼ 80% (48 h) after continuous treatment of the cells with the CeO 2 NPs. These phenomenon implies a temporal toxicity effect of the CeO 2 NPs to A549 cells, which might be attributed to the reversible retardation of the cell cycle (Table II) , i.e., more cells stay at G1 phase rather than cell death. Comparatively, uptake of the PC-CeO 2 NPs reduces the cell viability to a larger extent than that of the D-CeO 2 NPs at the same feeding dosages and incubation time. This might be attributed to the larger uptake amount of the PCCeO 2 NPs, especially for the cells treated with 200 g/mL NPs for 48 h (Fig. 4) , and their relatively smaller size ( Table I ). The smaller particles have a larger relative surface area, leading to a larger probability to interact with the biomolecules and cell organelles at the same uptake amount.
The production of ROS has been reported in human lung epithelial cells when treated with other engineered NPs, 55 C 60 fullerenes, 56 and single wall nanotubes, 57 and zinc oxide (ZnO) could induce intracellular ROS generation accompanied with the mitochondrial membrane reduction in human bronchial epithelial cells, 58 the spherical gold nanoparticles could induce DNA damage through an indirect mechanism due to oxidative stress in 3T3 fibroblasts cells, 59 which is one of the mechanisms for the toxicity of nanomaterials. However, in our study both types of the CeO 2 NPs showed suppression effect on cellular ROS production (Fig. 7) , suggesting the NPs may play an antioxidant role to lung epithelial cells. [60] [61] [62] The intracellular localization of the CeO 2 NPs may also influence the particle-cell interactions. of cytoskeleton organization and reduced cell adhesion ability were observed in this study (Figs. 8, 9 ). However, the ZnO nanoparticles could impair the cytoskeleton reorganization and loosen the continuous filaments for the human umbilical vein endothelial. 65 Compared to the large extent of reduced cell viability (∼ 50%) at 100 and 200 g/mL CeO 2 NPs, the cell morphology and cell adhesion ability (> 70% of the particle-free control) are impaired to a relatively smaller extent, may be the cell adhesion processes have some relationships with the nanomaterials surfaces. 66 Therefore, uptake of the CeO 2 NPs can influence the multiple cell functions but their extents may be different, suggesting the importance of thorough and systematic evaluation of the cell functions rather than a simple toxicity study.
CONCLUSION
The D-CeO 2 and PC-CeO 2 NPs have a polyhedron shape and a size below 20 nm in a dry state. In the culture medium containing 10% fetal bovine serum these particles aggregated into large ones with a size of ∼ 190 nm and ∼ 60 nm, and showed slightly negative surface charge due to the adsorption of proteins, respectively. The solubility of the nanoparticles was extremely small in the cell culture condition. Generally the PC-CeO 2 NPs showed a slightly higher cytotoxicity especially at a higher dosage of 200 g/mL and longer incubation time (48 h). However, in general both types of the CeO 2 NPs have rather small cytotoxicity even with a dosage as high as 200 g/mL. The cell viability was even abnormally recovered from 50∼60% (12-24 h) to ∼ 80% (48 h) after continuous treatment of the cells with the D-CeO 2 NPs. The cellular uptake of the CeO 2 NPs increased along with the increase of feeding dosage and prolongation of the culture time. The PCCeO 2 NPs had stronger uptake ability due to their smaller size and larger protein adsorption, which can explain their larger toxicity. The NPs were dispersed in vacuoles (most likely endosomes and lysosomes) and cytoplasm. The cell cycles were slightly influenced by the internalization of the CeO 2 NPs, and thereby more cells stayed in the G1 phase. Both types of the CeO 2 NPs could suppress the production of ROS regardless of the dose and incubation time. The cytoskeleton organization was altered and consequently the cell adhesion ability decreased after uptake of both types of the CeO 2 NPs. Our findings reveal that uptake of the CeO 2 NPs can influence the multiple cell functions, but their extents may be different and are generally rather weak compared with other types of NPs. The results suggest also the importance of thorough and systematic evaluation of the cell functions rather than a simple toxicity study. 
